Background, aim, and scope Murano's glass-makers have held a monopoly on quality glass-making for centuries, known all over the world. Artistic glass manufacture entails exposure to complex mixtures of pollutants, including metals. A few studies have reported high levels of trace elements in marine waters, sediments and mussels around Murano and shown that emissions from Murano glass-making workshops significantly influence air quality in the Venice area. Nevertheless, to date there is very little information on atmospheric concentrations and virtually none on atmospheric deposition fluxes of trace elements around the island. This study presents data on the distribution of trace elements in the air and atmospheric depositions around Murano, based on a two-year sampling period. Materials and methods Airborne PM10 particulate matter was collected daily in the period December 2001-June 2003 (254 air samples) and atmospheric depositions were collected every 19±6 days, in the period August 2001-July 2003 (38 samples) on the roof of the Experimental Glass Laboratory on the island of Murano. All samples were analysed by ICP-MS for As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Se and Zn contents. Results Atmospheric concentrations of As, Cd, Cr, Ni, Pb, Se and Zn were 1-2 orders of magnitude greater on the island of Murano than in the nearest urban areas (Venice and Mestre), with values higher than those reported for European industrial sites. The atmospheric deposition fluxes of all elements were also higher in Murano than those detected by other studies in Venice and Mestre and in the Porto Marghera industrial zone, with As, Cd, Sb and Se 1-2 orders of magnitude higher. Discussion In order to study the spatial variability of the atmospheric fall-out, data from other sampling stations belonging to Venice atmospheric deposition monitoring networks were used. A decreasing gradient from Murano to the closer leeward stations was observed for As, Cd and Se. Pb and Zn deposition fluxes in Venice were also comparable to those observed in the Porto Marghera industrial zone, thus indicating a similar or even higher level of contamination. Principal component analysis confirmed significant contamination from the glassworks. Conclusions As shown by our study, atmospheric loadings of metals around Murano are significant. These observations confirm that emissions from Murano also significantly influence atmospheric deposition in the Venice area. Specifically, the mean daily Cd flux in the most affected area, which includes the whole of the historic city centre of Venice, is ~18 µg m -2 d -1
1 Background, aim, and scope The protection of Venice and its Lagoon is at the centre of an international debate (Gorniz et al. 2000) that has only recently recognised the existing environmental problems. The role of atmospheric deposition in environmental deterioration has long been ignored, with actions to safeguard the Lagoon concerned mainly with geomorphologic and hydrological interventions. In the last 20-30 years, several studies have focused on the potential risks to human health and the ecosystem from persistent pollutants such as trace metals and organic pollutants in the Lagoon of Venice (Di Domenico et al. 1997; Wenning et al. 2000) . Several studies have already revealed the evident influence of atmospheric deposition in the area (Bettiol et al. 2005; Guerzoni et al. 2005; Rossini et al. 2005) . The main urban and industrial activities influencing air quality in the Venice area may be summarised as follows: oil refining, metallurgy, chemicals, power generation, urban waste incineration and traffic emissions. Most of these activities are carried out inside Porto Marghera industrial zone. Ther is also the glass-making district on the island of Murano (Fig. 1) . Fig. 1 For centuries, Murano's glass-makers have held a monopoly on quality glass-making, known all over the world. About 80-100 companies are still producing glass on the island and about 200 are involved in secondary activities such as glass-blowing, engraving, decoration and trade. Artistic glass manufacture entails exposure to complex mixtures of pollutants (Apostoli et al. 1998; Scalet 1998; Scalet et al. 2006) . Among the raw materials used are silica sand, borax, carbonates, nitrates of Ca, Na and K, and a great number of other compounds, mainly oxides of As, Sb, Al, Zn, Cr, Ni, Sn, Se, Cd, Mn, Cu, Co, Fe, Nd, Er, Eu, and La. A study by the University of the West of England around Murano revealed high levels of trace elements in marine waters, sediments and mussels (Giusti and Zhang 2002) . A study by the University of Venice by means of geochemical fingerprinting also showed that emissions from Murano significantly influence air quality in the Venice area (Rampazzo et al. 2008) . Nevertheless, to date there is very little information on atmospheric concentrations and virtually none on atmospheric deposition fluxes of trace elements around Murano. This study presents data on trace element distribution in the air and atmospheric depositions around the island, based on a two-year sampling period. Fig. 1 ). The sampling site was located on the roof of the Experimental Glass Laboratory, ~15 m above ground, in a position with high model-estimated ground-level concentrations of pollutants emitted from the Murano workshops (Rampazzo et al. 2008) . Airborne PM10 was collected on 47-mm mixed cellulose-ester filters (porosity 0.45 µm) by an automatic outdoor particulate monitoring station (TCR Tecora Skypost PMHV low-volume automatic sequential sampler), according to the procedure indicated by European Standard EN 12341. Sampling was continuous throughout a 24-h period (sampling flow 36.4±1.0 L min -1 ). Filters were weighed and dissolved in Teflon bottles with a microwave digestion unit, after the addition of 1 mL Milli-QTM water, 7 mL of 65% HNO3, 1.5 mL of 30% H2O2 and 1 mL of 40% HF. A clean filter was also dissolved as a blank. In order to reduce the number of samples, from February 23 to April 11, 2002 (37 daily samples) and from June 18 to October 21, 2002 (99 daily samples), 18 weekly composite samples were obtained, after dissolution, by mixing aliquots of daily samples. Analytical determinations were then carried out on the remaining daily collected samples (118) and new weekly composite samples (18, for a total of 136 extracts analysed). Atmospheric depositions were collected by a bulk sampler already described by Rossini et al. (2005) . The sampler was a cylindrical polymer container, with a ring and a net protecting it from possible damage by birds and other animals, and clamped to a 60-mm pole. Inorganic micropollutants were collected in a polyethylene bottle with a polyethylene funnel placed inside the PVC container. Bulk samples were digested in Teflon bottles in a microwave digestion unit, after the addition of 5 mL of 65% HNO3, 1.5 mL of 30% H2O2 and 0.5 mL of 40% HF. All samples were analysed by ICP-MS for As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Se and Zn content. Quality control was carried out according to standard UNI CEI EN ISO/IEC 17025. Certified standards (MESS1, PACS1) were also analysed, and recoveries ranged between 86% and 112% of certified values. All procedures were conducted in a clean room equipped with a laminar flow bench.
Materials and methods

Results
During the study period, the main wind direction was N-NE, with wind speeds of up to 5.4 m s -1 (see Fig. 1 ), matching the general anemometry of the area (Carrera et al. 1995) . Fig. 1 shows monthly precipitation measured during the study period, together with mean monthly values, minima and maxima recorded in Venice in the period 1968-2000. As Fig. 1 shows, precipitation measured during this period fell within the variability range of the historic time series. Comparison of the precipitation in the study period (December 2001 -July 2003 with the long-term average shows that the annual total for 2002 (1,073 mm) was within the variability range recorded for the previous 33 years (585-1,100 mm). The same may be said for the seven-month total for JanuaryJuly 2003 (263 mm), which was within the range recorded in the period 1968-2000 (227-700 mm) . The air concentrations and atmospheric bulk deposition fluxes observed during the study period are shown in Table 1 , together with the results of other European studies; current EU and US limits are also shown. With regard to these data, it should be emphasised that the values of As, Cr, Cu, Fe, Ni and Sb contents in PM10 listed for Venice from Rampazzo et al. (2008) correspond to only two months' concentrations (March and April 2003) and any comparison with them must be treated with caution, as the concentrations of some of the elements are subject to seasonal variations. With regard to air concentrations, great variability in the data for several elements was noted. For example, for As, Cd and Se, the maxima are 2-4 orders of magnitude higher than the minima, and for Cr, Cu, Fe, Ni, Pb, Sb and Zn, there is a difference of 1-2 orders of magnitude. Table 1 Comparison of detected air concentrations with literature values, several observations may be made (see Table 1 ): i) during the study period, atmospheric concentrations of As, Cd and Se were very high, as already reported by Rampazzo et al. (2008) ; ii) atmospheric concentrations of PM10, As, Cd, Ni and Pb detected on Murano exceeded current EU limit and target values, i.e., those laid down in the 1999/30/EC and 2004/107/EC Directives; iii) based on maximum values, Cd, Cr, Ni, Pb, Se and Zn reached atmospheric concentrations up to 78, 212, 103, 17, 15 and 16 times higher on the Island of Murano than in Venice respectively; iv) based on maximum values, As, Cd, Pb, Se and Zn reached atmospheric concentrations up to 110, 220, 9, 30 and 8 times higher on Murano than in Mestre, respectively; v) the average As, Cd, Ni, Se and Sb atmospheric concentrations were up to one order of magnitude higher than those reported for other European industrial sites. As regards atmospheric depositions, the highest variability was observed for Fe, Pb and Se, with maxima up to two orders of magnitude higher than the minima; for As, Cd, Cu, Cr, Ni, Sb and Zn there was a difference of one order of magnitude (see Table 1 ). Comparisons of the observed deposition fluxes with literature values led to the following considerations: i) based on maximum values, during the study period the bulk fluxes of all elements reached significantly high values on Murano, from 5 to 170 times higher than in Venice; ii) the highest local deposition was observed for As, Cd and Pb, reaching values 170, 17 and 16 times higher on Murano than in Venice; iii) since the European Union has not yet established any standard for atmospheric deposition, Table 1 The range of deposition values during the study period shows that all Cd fluxes observed on Murano were higher than both limits considered, whereas for Pb only the Swiss limit was exceeded; iv) the observed Pb deposition fluxes are comparable with values reported for other European cities, whereas As, Cd and Ni values fall within the range of European industrial sites. In a previous paper on atmospheric deposition of inorganic and organic contaminants in the Lagoon of Venice, bulk deposition fluxes in the more remote, northern, end of the Lagoon were estimated . A sampling site was located inside a fishing area, still covered by reed beds and marshes and separated from the rest of the Lagoon, in relatively good environmental condition. This was considered a 'remote' site, receiving mainly atmospheric inputs, and far from (and upwind i.e., north-east of) the main industrial and urban sources, representative of background atmospheric deposition for the area. During the study period the atmospheric deposition of As, Cd, Sb and Se on Murano was significantly enriched with respect to the background (0.556, 0.141, 0.014 and 0.034 µg m -2 d -1 , respectively).
Discussion
As already reported by other authors, As, Cd, Fe, Pb, Sb, Se and Zn may be associated with glassworks emissions (Apostoli et al. 1998; Scalet et al. 2006; Rampazzo et al. 2008; Mantovan et al. 2003) . Specifically, arsenic is used in the form of trioxide as a fining agent, as a compound to facilitate mixing of compounds, to lighten glass, and to remove air bubbles. Over the last few decades several attempts have been made to substitute this toxic element by using antimony trioxide, a compound with similar chemical-physical properties, but with suggested lower toxic effects on humans and the environment (Apostoli et al. 1998) . Selenium is widely used as a decolourising agent in flint soda-limesilica glass production, and for colouring flat and artistic glass, and has a poor retention rate in melted glass, normally no more than 10-20%, resulting in high emissions of selenium from the furnace (Scalet et al. 2006) . Moreover, since cadmium sulphide is also used as a colourant, the glass may contain cadmium and sulphur in addition to selenium. Rampazzo et al. (2008) suggest that Li, Zn, As, Se, Cd, Sb and Pb are linked to a lighter fraction of particles sporadically emitted by Murano Glassmaking Factories while coloured glass is being melted, and Mantovan et al. (2003) report that As, Se and Cd maintain their association in the atmosphere of other areas near Venice, making them potentially useful as fingerprints for Murano emissions. According to Rampazzo et al. (2008) , during the study period the atmospheric concentrations of As, Cd, Pb, Se and Zn were much higher on Murano than in Venice, the highest local deposition being observed for As, Cd, Pb and Sb (see Table 1 ). In order to study the spatial variability of the atmospheric fallout of the above metals, data from other sampling stations belonging to Venice atmospheric deposition monitoring networks were used (see Fig. 1 ). Stations L2, L4 and IBM are nearest to Murano (within 3 km), L4 and IBM being on the leeward side. For better comparisons, three more distant stations (>7.5 km), representing lagoonal (L1), industrial (EZI) and urban (ADM) sites, were also examined. Fig. 2 shows the main statistics (non-outlier range, median and percentiles) of bulk deposition fluxes, and also that the deposition fluxes of all the examined elements are higher in Murano than in the other stations, including EZI (industrial area), except Pb. Fig. 2 A decreasing gradient from Murano to the closer leeward stations (L4 and, to a lesser extent, IBM and L2) is clearcut for As, Cd and Se. Pb deposition fluxes at IBM (city of Venice) are also comparable to those observed at EZI (mean difference <10%), thus indicating a contamination level similar to that of the industrial zone. These observations are consistent with the hypothesis of Rampazzo et al. (2008) that As, Cd, Pb, Se and Zn are linked to a lighter fraction of particles emitted from Murano, which can be transported over long distances. To explore relations among the variables and to find a glassworks fingerprint, principal component analysis (PCA) was used. Neither air nor deposition data show normal distribution (Kolmogorov-Smirnov and Lilliefors tests). A log2 function was used to normalise data. As regards the air samples database, two major associations of elements were identified: one accounting for 36% of variance and including PM10, Cu, Cr, Fe, Pb and Zn, present in the dust emissions of flat glass and container glass production (Scalet 1998) , and the second (representing 26% of variance) containing As, Cd, Sb, Se and, secondarily, Pb, which is associated with the production of coloured glass (Scalet et al. 2006; Rampazzo et al. 2008 ). Mn and Ni were not considered in these calculations because of the high number of values falling below the limit of detection. When applied to the deposition database, PCA identified two main factors. Factor 1 (F1) is characterized by As, Cd, Sb, Se and Zn, accounts for 42% of variance, and represents the component of atmospheric deposition linked to refining and smelting cycles and coloured glass production. Factor 2 (F2) is influenced by Cr, Cu, Fe, Ni and Pb, accounting for 39% of variance, and represents the fraction affected both by local dust emissions originating from glass raw materials and from other pollutant sources. Specifically, Fe may derive from impurities on feldspars and limestone (Rampazzo et al. 2008 ), Cr and Pb are present in the dust emissions of flat glass and container glass production (Scalet 1998) , and Ni and Cu are associated with road traffic, maritime traffic and oil refining. Zn is fractionated between F1 and F2 and indicates two distinct origins: from the geochemical point of view, this element is chalcophile and is linked to refining and smelting cycles and to colourant agents (F1). However, it is also somewhat lithophile in nature because it often occurs in silicate or related minerals and forms quite strong bonds with oxygen. This indicates that it may also originates from (crustal) glass raw materials (F2). Each monthly deposition sample could now be ordered by the two factors identified by PCA and plotted in the space of the new variables (Fig. 3) . The samples with higher levels of As, Cd, Sb, Se and Zn plot on the right side of the graph, corresponding to positive F1 values. As the figure shows, all the Murano samples plot in this area, together with several L4 deposition samples. Most of the Murano and EZI samples also plot in the upper part of the graph, corresponding to positive F2 values, i.e., higher levels of Cu, Cr, Fe, Mn, Ni and Pb. These samples were probably affected by various local dust emission sources; in the case of Murano, they were probably mainly heavy particles originating from glass production, which quickly fall after their emission from the workshops (Rampazzo et al. 2008) . For EZI, other local sources must be taken into account, including waste incineration, metallurgy, power generation, and heavy traffic. Fig. 3 In order to calculate the atmospheric loadings of metals into the central Lagoon, we examined a recent study on trace metal fluxes around the Porto Marghera industrial zone by Scazzola et al. (2004) , which reported that Cd and Pb concentrations in soils decreased exponentially with increasing distance from the source, with industrial pollution evident at distances of <5 km. Based on this information, in order to calculate atmospheric loadings of metals, we considered a distance of 5 km from Murano and EZI, thus obtaining two areas of 78.5 km 2 each, affected by fall-out from Murano and Porto Marghera, respectively (circles in Fig. 4) . The sampling stations representative of the atmospheric depositions in these areas are L2, MUR, L4 and IBM for Murano and CAE, MAL, EZI, L1 and L5 for Porto Marghera. Focusing on Murano emissions, the model simulations carried of Rampazzo et al. (2008) showed comparable plume extensions for concentrations >0.1 µg m -3 moving south-west from Murano and including the city centre of Venice. Thus, as during the study period the main wind directions observed were N, NE and E (representing 63% of wind events), we assume that the areas most affected by atmospheric transport and deposition lay to the south, south-west and west. This enabled us to posit a 'most affected area' of 29.4 km 2 (grey highlighting in Fig. 4) . The sampling stations representing atmospheric depositions in this area are MUR, L4 and IBM. Table 2 , together with those calculated for Porto Marghera. Clearly, annual atmospheric loadings of metals around Murano are considerable, ranging from 101 kg y -1 of Se to 17,841 kg y -1 of Fe. Loadings of As, Cd, Sb, Se and Zn to the most affected area, which includes the whole of the historic city centre of Venice, are higher than those calculated for the whole of Porto Marghera, Cr, Cu, Ni and Pb loadings being comparable. Table 2 5 Conclusions Our data match those reported by other authors in sediments, water and mussels and in PM10 particulate, and add information useful for reconstructing the general state of environmental contamination of the Lagoon of Venice. As shown by our study, atmospheric loadings of metals around Murano are significant. Atmospheric loadings to the historic centre of Venice are also comparable to (or higher than) those calculated for Porto Marghera, thus indicating a contamination level similar to that of the industrial zone or even higher. Although the effect on the north-eastern side of the city (L4) is higher than in the south (IBM), as shown in Fig. 2 , these observations confirm that emissions from Murano significantly influence atmospheric deposition in the Venice area. Specifically, the mean daily Cd flux in the most affected area is ~18 µg m-2 d -1 , i.e., more than 65 times higher than the Dutch limit for atmospheric depositions and more than three times higher than that of Germany.
Recommendations and perspectives
On the basis of these data, there is a clearcut need for remedial action in the Lagoon of Venice, so that this fragile ecosystem, which has succeeded in 'cohabiting' with man for over a thousand years, can gradually heal the wounds it has suffered thanks to human activity, and can be safeguarded from the further threat of pollution. A reduction in atmospheric pollution by reduced emissions from glass-making workshops probably through emission control technologies, may be an answer. The atmospheric compartment must also be considered by Italian and European laws which, until now, have not yet established any standard for atmospheric deposition.
Monitoring is indispensable, so that the efficacy of remedial measures can be evaluated, and appropriate information about risks for human health and well-being can be made available. 
